Abstract. The changes arising from variations in solar activity and human activities on atmospheric composition and thermal structure of the middle atmosphere, especially in the ion composition, are assessed using interactive one-and two-dimensional chemical models of the stratosphere, mesosphere, and lower thermosphere. The changes from anthropogenic activities are less in magnitude but permanent in nature, and changes due to variations in the solar activity are comparatively higher but periodic. Our results may have bearing and could explain some of the results reported in recent literature on observed lower ionospheric data and strengthen the global change concept in this region. Model response to available observations is quite reasonable, and a good agreement on temperature trend and ionization parameters is found. The impact of increasing concentrations of several greenhouse gases (anthropogenic origin) and variations in solar activity on the ion composition, temperature, and neutral species (of interest to ionization) is examined in two different modeling studies. In each case, the effect of the other forcing is filtered out. A cooling of the order of-10øK in the mesosphere and a maximum of-14øK in the stratosphere is predicted fro' the double-CO2 scenario. A decreasing trend in nitric oxide number density from -40% to -95% with altitude is noticed for the double-CO2 case contrary to an increasing trend (10% to 140%) for high solar activity (HSA) as compared to low solar activity (LSA) conditions in the mesosphere and the lower thermosphere. As a result of changes in temperature and in the concentrations of NO, O2, H20, O, CH3CN, a decreasing trend of-50% for the double-CO: case and an increasing trend of 60% for HSA as compared to LSA are predicted in NO + ion number density near the mesopause for the tropics. The variations in water cluster ions are negligible in the stratosphere but reach to -50% in the lower thermosphere for the double-CO: scenario. The total ion density varies from-30% at 40 km to +30% at 90 km for HSA as compared to LSA conditions and from -5% to 12% from the stratosphere to the mesosphere for the double-CO: scenario.
as the above. Recently, the final recommendations of the International Workshop on Cooling and Sinking of the Middle Atmosphere have been published [Golitsyn, 1998 ]. This report documented that systematic global cooling of the middle and upper atmosphere occurs at a rate of several degrees Kelvin per decade. As a result of this cooling trend, the upper layers of the atmosphere sink by 0.04 km/yr at 50 km and 1.5 km/yr at 300 km [Golitsyn et al., 1996] . Golitsyn et al. [1999] have correlated the increase in methane and decrease in ozone concentrations with temperature variations of the upper atmosphere. Akmaev and Fomichev [1998] have reviewed the status of the changes in thermal structure of the middle atmosphere, such as doubling of the CO2 concentration, which indicates a consistent cooling trend of the middle and upper atmosphere. However, the early results reported by Luebken et al. [1996] and OfJ•rrnan et al. [ 1996] are in contrast with the present findings. Luebken et al. [ 1996] found no evidence for systematic, temporal variations in temperature during the past two decades, but Offerman et al. [1996] and Offerman and Graef [1992] have observed an increase in temperature during the same period.
In this work we report a detailed modeling study of the longterm anthropogenic impact on composition and thermal structure of the middle atmosphere. A prerequisite for such a study is detailed knowledge of the variations due to natural sources [WMO, 1995] . Natural variations arising on decadal and longer timescales may also play a significant role in long-term trend calculations. One of the major sources for decadal natural variations in the atmosphere is the 11-year solar activity cycle [Brasseur and Solomon, 1986] . The electromagnetic flux emitted by the Sun varies mostly in the shorter wavelengths and at different timescales [Donnelly, 1991] We attempted model calculations of changes in ion composition and related neutral and thermal parameters from the tropopause to the lower thermosphere arising from long-term anthropogenic activities, called "permanent changes", and from solar cycle variability, called "periodic changes". For this purpose, we have used an interactive two-dimensional (2-D), and a onedimensional (l-D) model including ion chemistry.
Model Description
Models used in this work have been described in detail elsewhere [Beig and Mitra, 1997a value of ion-ion recombinations from Beig et al. [1993] for both two-body and three-body recombinations. We adopted the effective attachment coefficient, [3 -2 x 10 -6 cm3/s, from Beig and Brasseur [ 1999] . In addition to the above mentioned nine positive ions, the 2-D model includes 64 neutral species of the oxygen, hydrogen, nitrogen, chlorine, fluorine, bromine, carbon, and sulfur families. We used the transformed Eulerian mean equations that make interpretations of the influence of waves straightforward. Momentum deposition associated with gravity wave breaking [Lindzen, 1981] and with Rossby wave absorption are parameterized lo derive the transformed Eulerian mean circulation in the model. The infrared radiative transfer is treated according to the descriptions by Kiehl et al. [1987] and Ramanathan et al. [1985] . For the calculation of the dynamical parameters, the lower boundary is assumed to be at !5 k•m... This 2-D model first calculates the concentrations of neutral species and the temperature, which are used as input to the stratospheric ion chemistry. Continuity equations for all ions (Figure 1 ) are written and solved simultaneously for steady state conditions assuming ionic charge neutrality. Calculations are performed at an interval of 1 km and from pole to pole with a 5 ø resolution for the stratosphere. The 1-D neutral ionic model used for altitudes ranging from 70 to 120 km includes a number of neutral and ionic species. The ion chemistry used for this region is different from that of the stratosphere and is described in detail by Beig and Mitra [1997b] . In this model, interacting ion continuity equations are solved simultaneously using the matrix inversion method. Curtis and Goody [1956] found a breakdown of local thermal equilibrium (LTE) in the middle atmosphere for the 15-gm CO2 band above about 70 km. Hence we adopted the non-LTE approach in the spectral region of CO2 [Berger and Dameris, 1993; Akmaev and Fomichev, 1998 ] in the model. In the 2-D model, which yields the temperatures between 15 and 60 km for our work, the Newtonian cooling approximation is used because non-LTE is not likely to exist at those altitudes.
Scenario Summary
The forcing parameters, which will most likely to undergo a drastic change with time due to human activities, are carbon dioxide, nitrous oxide, methane, and chlorofluorocarbons (CFCs). This is anticipated based on the present growth rates of these greenhouse gases [WMO, 1990 [WMO, , 1995 [WMO, , 1999 . These trace gases contribute the most to changes in the chemical and thermal structure of the atmosphere. In the present work the prediction of future climate responses in the stratosphere is examined as semi continuous time lines of quantities, such as chlorine loading and other trace gas variations, well into the 21st century. We assumed that the tropospheric volume mixing ratio of carbon dioxide by the end of 2050 would be twice that of the present-day value (1995 reference level), and it is taken as 712 ppm. The methane mixing ratio is also considered to be doubled (3.4 ppm) relative to 1995. Nitrous oxide and CFCs are taken as per the business-as-usual scenario (BAU) [Beig and Mitra, 1997a] and yield an N20 volume mixing ratio of 365 ppb and total chlorine loading due to the CFCs of 11.7 ppb for 2050. Concentrations of all other species, including SOx, are kept at ambient levels, with the assumption that they may not play a significant role in our model calculations. The above mentioned scenario for 2050 will be referred as the "double-CO2 case" and the variation in different parameters for this scenario is calculated with respect to reference level (1995) in this paper. To filter out an effect due to changes in the solar activity, we assume identical solar activity conditions for 1995 and in the double-CO2 case.
In another modeling study for the stratosphere, two different cases are considered, namely, low solar activity (LSA) and high solar activity (HSA) conditions. The solar actinic flux at the top of the atmosphere used in the present model for calculating photolysis and short-wave heating rates is adopted from Brasseur [1993] and is considered to be of LSA conditions. The flux is increased between 120 and 300 nm by the relative value as a function of wavelength for HSA. Model calculations are performed for peak-to-peak variations during the 11-year solar cycle. In this simulation a base level scenario for anthropogenic forcing of the parameters is considered to filter out effects due to human forcing. In the mesosphere and lower thermosphere, the effects of solar activity are likely to play a very significant role in the ionization mechanism and our 1-D model will consider two scenarios of LSA (F10.7 = 70 units) and HSA (F10.7--250 units). The variation in any parameter for HSA with respect to LSA will be referred to as variation in "typical solar cycle" in the rest of this paper.
Coupling of Neutrals and Ion Chemistry
The role of neutral chemistry on ion chemistry in those different scenarios will be discussed briefly along with the influence of temperature on ionization reactions. The role of ion chemistry that may influence the neutral species will also be discussed, although it is believed to be of little significance under ambient atmospheric conditions. It may play an important role during periods of perturbations that can occur during solar proton events or during volcanic eruptions, etc.
Neutrals Influencing Ionization
There are several neutral trace gases, which take part in the ion chemistry we consider in this paper. Some species play a major role in the positive ion chemistry, for example, water vapor, acetonitrile, nitric oxide, and atomic oxygen along with major neutrals (O2+N2) and temperatures in the middle and upper atmosphere [Beig and Mitra, 1997a] Variations in the concentration of neutral species and thermal structure and changes in the ionization parameters will be discussed separately. 5.1.1. Variation in thermal structure. Table I (Table I) . It is important to mention here that the results obtained by Taubenheim et al. [ 1990, 1997, 1998 ] are markedly different from one another. They interpreted their data as a lowering of a pressure height, but assumed that the concentration of nitric oxide in the mesosphere was constant during the past 30 years. This assumption may not The production rates from galactic cosmic rays (q) is calculated in this work at 45øN using the Bethe -Bloch formula [Velinov, 1968] 
Concluding Remarks
In this paper an attempt has been made to study the changes in atmospheric ion compositions, related neutral species, and radiative parameters from the stratosphere to lower thermosphere, arising from variations in solar activity and due to human activity. 
